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Tidal forces produced by black holes are an important result of General Relativity, related to the spacetime
curvature tensor. Among the astrophysical implications of tidal forces, stands out tidal disruption events. We
analyze the tidal forces in the spacetime of an electrically charged Hayward regular black hole, obtaining the
components of the tidal tensor and the geodesic deviation equation. We find that the radial and angular tidal
forces may vanish and change sign, unlike in the Schwarzschild spacetime. We note that tidal forces are finite at
the origin of the radial coordinate in this regular black hole spacetime. We obtain the geodesic deviation vector
for a body constituted of dust infalling towards the black hole with two different initial conditions.
I. INTRODUCTION
Black holes (BHs) have been thought to be the best candi-
dates for supermassive objects present in the center of active
galaxies [1]. This has been confirmed in the recent observa-
tion by the Event Horizon Telescope collaboration (EHT) of
the shadow of a BH in the center of Messier 87 (M87) galaxy
[2]. The earliest known solution of Einstein’s equations is
the Schwarzschild geometry, which represents the spacetime
outside a spherically symmetric and chargeless nonrotating
body. The Schwarzschild solution can also describe the space-
time around a nonrotating and electrically uncharged BH [3].
Another solution of the Einstein’s equations is the Reissner-
Nordström (RN) geometry, which represents the spacetime
around an electrically charged, nonrotating and spherically
symmetric BH [3]. Besides Schwarzschild and RN BH so-
lutions, we also have the axisymmetric exact solutions of
Einstein’s equations. The Kerr solution is an axisymmetric
geometry that represents the spacetime outside an electrically
uncharged and rotating BH [4]. The Kerr-Newman solution
is also an axisymmetric geometry that represents the space-
time outside a rotating BH endowed with electric charge [5].
BHs possess remarkable physical properties, which lead to in-
teresting phenomenology as, for instance, absorption [6–14],
scattering [15–18], and radiation emission [19–23].
All the BH solutions mentioned above posses a curvature
singularity, where geometrical and physical quantities diverge.
The existence of BH solutions free of curvature singularities
was pointed out by J. M. Bardeen [24], who proposed a regular
BH solution. This Bardeen BH is an exact solution of Ein-
stein’s equations coupled to nonlinear electrodynamics [25].
The Hayward BH [26] is also an important example of reg-
ular BH with properties investigated in the literature as, for
instance, quasinormal modes [27–29] and geodesics [30], and
its rotating generalizations have also been found [31]. More
recently, Frolov proposed a generalization of the Hayward BH
including electric charge [32], from which it is possible to re-
cover the RN line element by taking a suitable limit. A rotating
generalization of the chargedHaywardBH and its shadowswas
studied in Ref. [33].
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It is a well-known fact that radial tidal forces in a
Schwarzschild spacetime stretch a body falling towards the
event horizon, meanwhile the same body is compressed in the
angular directions [34, 35]. In the last few years tidal forces
were also analyzed for RN BH [36], Kiselev [37] and other
regular BHs [38]. The tidal forces in Kerr spacetime were
analyzed, for instance, in Refs. [39–44]. Tidal forces play
an important role in astrophysics. For instance, a star may
be disrupted due to the tidal forces produced by a BH [45],
what is known as a tidal disruption event (TDE). Such TDEs
may power bright flares as x-ray [46], ultraviolet [47] and
optical [48] radiation.
We study the tidal forces produced in an electrically charged
Hayward BH spacetime. We find the components of the tidal
tensor and present the geodesic deviation equation. We also
find the solutions for the geodesic deviation vector in the radial
and angular directions for a neutral body, constituted of dust,
infalling radially towards a charged Hayward BH.
The remaining of this paper is structured as follows. In
Sec. II, we review the charged Hayward BH spacetime and
its properties. We investigate the radial geodesics in such
spacetime in Sec. III and the tidal forces in Sec. IV. In Sec. V,
we obtain the geodesic deviation vector in the chargedHayward
BH spacetime and in Sec. VI we present our conclusions. We
use the metric signature (−,+,+,+) and set the speed of light
(c) and the Newtonian gravitational constant (G) equal to the
unity.
II. THE CHARGED HAYWARD BH SPACETIME
The electrically charged Hayward BH, proposed by Frolov
in Ref. [32], is described by the line element
ds2 = gµνdxµ dxν = − f (r) dt2 + 1f (r) dr
2 + r2 dΩ2, (1)
with
dΩ2 ≡ sin2 θ dφ2 + dθ2, (2)
and
f (r) ≡ 1 −
(
2M r −Q2) r2
r4 + (2Mr +Q2) l2 , (3)
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2where gµν are the covariant components of the metric tensor,
l is the parameter present in the Hayward solution [26], M is
the mass of the BH and Q is its electric charge. In the limit
l → 0, the line element (1) reduces to the RN spacetime. On
the other hand, for Q → 0, it reduces to the Hayward regular
BH. The Schwarzschild line element is obtained when both
limits Q → 0 and l → 0 are taken in Eq. (1). Next to the
origin of the radial coordinate (r ≈ 0), we have
f (r)|r≈0 ≈ 1 +
r2
l2
+ O(r3), (4)
from what we conclude that the metric tensor components are
regular at the origin (r = 0) if l , 0. On the other hand, very
far away from the BH (r ≈ ∞), we have
f (r)|r≈∞ ≈ 1 −
2M
r
+
Q2
r2
+ O(r−4). (5)
From Eq. (5) we note that the charged Hayward BH solution
behaves as the RN solution for large values of the radial coor-
dinate, and from Eq. (4) we conclude that next to the origin it
behaves like the de Sitter solution.
The horizons of the charged Hayward spacetime are found
imposing
grr = f (r) = 0. (6)
Eq. (6) may have two real and positive solutions, one of which
(the outer one, r+) is the event horizon and the other (the inner
one, r−) is the Cauchy horizon. In Fig. 1, we plot the radial
coordinate of the event horizon and of the Cauchy horizon
in terms of the electric charge Q, for different choices of the
parameter l. We note that the event horizon radial coordinate,
r = r+, decreases as we increase the values of Q and l. We
also see that, the Cauchy horizon radial coordinate, r = r−,
increases as we increase the values of Q and l. For each
fixed value of l, we may find an extreme charged Hayward
spacetime, where the event horizon and the Cauchy horizon
radial coordinates coincide (r+ = r−), as it can be seen in
Fig. 1. In this case, we have
f (r) = df (r)
dr
= 0. (7)
The relation between the mass and the charge for extreme
charged Hayward BHs is given in a parametric form as [32]:
Q2 =
r4
(
r2 − 3l2)
r4 + 4l2r2 − l4 , (8)
M =
(
r2 + 2l2
)
r3
r4 + 4l2r2 − l4 . (9)
As pointed out in Ref. [32], for small values of Q, we have
M ≈ 3
√
3
4
l +
1√
3
Q2
l
+ O(Q4), (10)
and for Q = 0, we have M = 3
√
3
4 l, which is the relation for an
extreme chargeless Hayward BH.
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FIG. 1. Horizons of the charged Hayward BH spacetime described
by the line element (1), in terms of Q/M , for different values of l.
The radial coordinates of the event horizon, r+, are represented by
solid lines, whereas the radial coordinates of the Cauchy horizon, r−,
are represented by dashed lines.
III. RADIAL GEODESICS
Let us investigate radial geodesics of massive particles in
charged Hayward BH spacetimes. From Eq. (1), we obtain
− 1 = − f (r) Ût2 + f −1(r) Ûr2, (11)
where the overdots represent differentiation with respect to
the particle’s proper time τ. Since we are interested in radial
motion, we have set Ûθ = Ûφ = 0. Due to the existence of
one timelike Killing vector and one spacelike Killing vector,
we have two conserved quantities along the geodesics, associ-
ated, respectively, to the energy and angular momentum of the
particle [49], given by
E = f (r) Ût, (12)
L = r2 sin2 θ Ûφ = 0. (13)
E is the energy per unit of rest mass of the particle on a
geodesic motion. L is the angular momentum per unit mass of
the particle, which is equal to zero, once that we are assuming
that the motion is radial. Inserting Eq. (12) into Eq. (11), we
obtain an energy balance equation, namely:
Ûr2 + f (r) = E2. (14)
Assuming that a massive particle is released from rest at the
radial position r = b, its energy E per unit rest mass is given
by
E =
√
1 −
(
2M b −Q2) b2
b4 + (2Mb +Q2) l2 . (15)
Defining a “Newtonian radial acceleration” [50], as
A(N ) ≡ Ür, (16)
we find, from Eqs. (3), (14) and (16), that
A(N ) =
r5
(
Q2 − Mr ) + l2r (4M2r2 + 2MQ2r −Q4)(
r4 + l2
(
Q2 + 2Mr
) )2 . (17)
3There is not a classical analogue for Eq. (17). However, for
Q = 0 and l = 0, it is possible to recover an expression similar
to the Newtonian one, namely
A(N ) = −M
r2
. (18)
A massive particle released from rest at r = b has a turning
point at r = Rstop, which may be determined by finding the
roots of
E2 − f (Rstop) = 0. (19)
The turning point Rstop is the location where the particle
bounces back in its radial motion and, as it can be seen in
Fig. 2, it is always located inside the Cauchy horizon. It is
worth noting that the Cauchy horizon is generally associated
to instabilities, connected to the so-called Israel-Poisson mass
inflation (cf. Refs. [51, 52]).
IV. TIDAL FORCES ON A NEUTRAL BODY FOLLOWING
RADIAL GEODESICS
Wenow study the geodesic deviation equation in the charged
Hayward BH spacetime, following the approach adopted in
Ref. [36]. We denote as ηµ a spacelike vector which repre-
sents the distance between two infinitesimally close particles
following geodesics, so that the equation for their relative ac-
celeration is [34]
D2ηαˆ
D τ2
= K αˆ
βˆ
ηβˆ, (20)
where
K αˆ
βˆ
= Rab c d e
αˆ
a e
b
0ˆ e
c
0ˆ e
d
βˆ
(21)
is the so-called tidal tensor. The indices with hat are tetrad
basis indices, while the indices without hat are coordinate
basis indices. For the charged Hayward BH spacetime, we
may choose the tetrad basis for a reference frame following a
radial geodesic as
eµ
0ˆ
=
(
E
f (r),−
√
E2 − f (r), 0, 0
)
, (22)
eµ
1ˆ
=
(
−
√
E2 − f (r)
f (r) , E, 0, 0
)
, (23)
eµ
2ˆ
=
(
0, 0, r−1, 0
)
, (24)
eµ
3ˆ
=
(
0, 0, 0, (r sin θ)−1
)
. (25)
We point out that the vectors eµ
αˆ
satisfy the following orthonor-
mality condition
eµ
αˆ
eν
βˆ
gµν = nαˆβˆ, (26)
where nαˆβˆ are the covariant components of the Minkowski
metric. Moreover, we have eµ
0ˆ
= Ûxµ.
 0
 0.5
 1
 1.5
 2
 2.5
 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8
l=0.3
r +
/M
, r
-/M
,R
st
op
/M
,R
0r
tf /
M
,R
0a
tf /
M
Q/M
r+
r-
Rstop
R0rtf
R0atf
 0
 0.5
 1
 1.5
 2
 2.5
 0  0.1  0.2  0.3  0.4  0.5  0.6
l=0.5
r +
/M
, r
-/M
,R
st
op
/M
,R
0r
tf /
M
,R
0a
tf /
M
Q/M
r+
r-
Rstop
R0rtf
R0atf
 0
 0.5
 1
 1.5
 2
 2.5
 0  0.05  0.1  0.15  0.2  0.25  0.3
l=0.7
r +
/M
, r
-/M
,R
st
op
/M
,R
0r
tf /
M
,R
0a
tf /
M
Q/M
r+
r-
Rstop
R0rtf
R0atf
FIG. 2. Event horizon r+ (solid blue lines), Cauchy horizon r−
(dashed blue lines), the turning point Rstop (dotted purple lines), the
outermost vanishing radial tidal force R rt f0 (dotted red lines) and the
outermost vanishing angular tidal forces R at f0 (dotted green lines) as
a function of the electric charge Q. We have chosen b = 100M and
different values of l. We note that Rstop is always inside the Cauchy
horizon.
Computing the components of theRiemann tensor [3] for the
charged Hayward BH spacetime and using Eqs. (21)-(25), we
find that the nonvanishing tidal tensor components are given
4by
Krˆ rˆ =
1(
r4 + 2l2Mr +Q2l2
)3 [6Q4 (l4Mr + 2l2r4) −Q6l4
+ 2Mr3
(
4l4M2 − 14l2Mr3 + r6
)
−3Q2r2
(
r6 − 4l4M2 + 4l2Mr3
)]
, (27)
Kθˆ θˆ = −
[
Q4l2 + Mr2
(
r3 − 4l2M ) −Q2 (2l2Mr + r4) ](
r4 + 2l2Mr +Q2l2
)2 ,
(28)
Kφˆφˆ = −
[
Q4l2 + Mr2
(
r3 − 4l2M ) −Q2 (2l2Mr + r4) ](
r4 + 2l2Mr +Q2l2
)2 .
(29)
Using Eqs. (27)-(29) in Eq. (20), we obtain the relative accel-
eration between two nearby particles, given by
D2ηrˆ
Dτ2
=
1(
r4 + 2l2Mr +Q2l2
)3 [6Q4 (l4Mr + 2l2r4) −Q6l4
+ 2Mr3
(
4l4M2 − 14l2Mr3 + r6
)
− 3Q2r2
(
r6 −4l4M2 + 4l2Mr3
)]
ηrˆ, (30)
D2ηθˆ
Dτ2
=
[
Q2
(
2l2Mr + r4
) −Q4l2 − Mr2 (r3 − 4l2M ) ](
r4 + 2l2Mr +Q2l2
)2 ηθˆ,
(31)
D2ηφˆ
Dτ2
=
[
Q2
(
2l2Mr + r4
) −Q4l2 − Mr2 (r3 − 4l2M ) ](
r4 + 2l2Mr +Q2l2
)2 ηφˆ .
(32)
FromEqs. (30)-(32), we see how the tidal forces for the charged
Hayward BH spacetime depend on the parameters M , Q and
l. For l = 0, Eqs. (30)-(32) reduce to
D2ηrˆ
Dτ2

l=0
=
(
2M
r3
− 3Q
2
r4
)
ηrˆ, (33)
D2ηθˆ
Dτ2

l=0
=
(
−M
r3
+
Q2
r4
)
ηθˆ, (34)
D2ηφˆ
Dτ2

l=0
=
(
−M
r3
+
Q2
r4
)
ηφˆ, (35)
which are the tidal forces for the RN spacetime [36]. Moreover,
for Q = 0, we have
D2ηrˆ
Dτ2

Q=0
= 2Mr3
(
r6 − 14l2Mr3 + 4l4M2)(
r4 + 2l2Mr
)3 ηrˆ, (36)
D2ηθˆ
Dτ2

Q=0
= Mr2
(
4l2M − r3)(
r4 + 2l2Mr
)2 ηθˆ, (37)
D2ηφˆ
Dτ2

Q=0
= Mr2
(
4l2M − r3)(
r4 + 2l2Mr
)2 ηφˆ, (38)
which are the tidal forces for the regular chargeless Hayward
BH spacetime. We see that the tidal forces in radial and angular
directions may vanish, in contrast with the Schwarzschild case
[34, 35]. In the next subsections, we study in details the tidal
forces in the charged Hayward BH spacetime.
A. Radial tidal force
From Eq. (30), we see that the tidal force on the radial
direction remains finite at r = 0, being equal to
lim
r→0
D2ηrˆ
Dτ2
= − 1
l2
ηrˆ . (39)
This result contrasts with the Schwarzschild, for which the
radial tidal force is infinity at r = 0, where the singularity is
located. We note that a radially infalling particle does not reach
r = 0, because it bounces back at r = Rstop. Moreover, from
Eq. (30) we obtain that the tidal force in the radial direction
may vanish at two different values of the radial coordinate.
The vanishing radial tidal force occurs when the numerator of
Eq. (30) is zero, resulting in a polynomial equation of ninth
degree.
The radial tidal force as a function of the radial coordinate
in charged Hayward BH spacetime is plotted in Fig. 3, for
different values of Q and l. We see that the radial tidal force
may vanish and change sign. The more external point (r =
R r f t0 ) where the radial tidal force vanishes can be located
outside the event horizon, as can be seen in Fig. 2. Therefore
this effect may, in principle, be observable. Vanishing radial
tidal forces do not occur in Schwarzschild spacetime, but they
occur in RN spacetime [36], as well as in other regular BH
spacetimes [38].
B. Angular tidal forces
Similarly to the radial tidal forces, the angular tidal forces
remain finite at r = 0. From Eqs. (31)-(32), we obtain
lim
r→0
D2ηiˆ
Dτ2
= − 1
l2
ηiˆ, (40)
where i = (θ, φ). This result is also in contrast with the
Schwarzschild, for which the angular tidal forces diverge at
r = 0. In Fig. 4, we plot the angular tidal forces as a function
of the radial coordinate, for different values ofQ and l. We note
that the angular tidal forces may vanish. The vanishing tidal
force point (r = R at f0 ) is located outside the Cauchy horizon
and inside the event horizon, as it can be seen in Fig. 2.
V. GEODESIC DEVIATION VECTOR
Let us analyze the geodesic deviation vector that describes
the deformation, due to tidal forces, of a body constituted of
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FIG. 3. Radial tidal force in the charged Hayward BH spacetime, as a
function of the radial coordinate r . We note that the radial tidal force
may vanish at two different points, in contrast to what happens in the
Schwarzschild spacetime. (For comparison, we also plot the radial
tidal force for the Schwarzschild spacetime.) The value of the tidal
force at r = 0 is given by Eq. (39). We have set b = 100M .
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FIG. 4. Angular tidal forces as a function of the radial coordinate r .
We note that the radial tidal forces of the charged Hayward BH space-
time may vanish, in contrast to what happens in the Schwarzschild
case. The value of the tidal force at r = 0 is given by Eq. (40). We
have set b = 100M .
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FIG. 6. As in Fig. 5, we plot the radial component of the geodesic
deviation vector as a function of r , now with ICII (and b = 100M),
for different values of Q and l.
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FIG. 8. As in Fig. 7, we plot the angular components of the geodesic
deviation vector as a function of r , now with ICII (and b = 100M),
and for different values of Q and l.
8chargeless dust infalling radially in a charged Hayward BH. To
solve Eqs. (30)-(32), we start by rewriting them as
D2ηrˆ
Dτ2
= − f
′′
2
ηrˆ, (41)
D2ηiˆ
Dτ2
= − f
′
2 r
ηiˆ, (42)
where the primes denote differentiation with respect to the
radial coordinate. We can write Eqs. (41)-(42) in terms of
derivatives with respect to the radial coordinate, by using that
dr/dτ = −
√
E2 − f (r). The result is(
E2 − f (r)
)
ηrˆ
′′ − f (r)
′
2
ηrˆ
′
+
f (r)′′
2
ηrˆ = 0, (43)(
E2 − f (r)
)
ηiˆ
′′ − f (r)
′
2
ηiˆ
′
+
f (r)′
2 r
ηiˆ = 0. (44)
As pointed out in Ref. [36], the components of the geodesic
deviation vector, solutions of Eqs. (43)-(44), are
ηrˆ (r) =
√
E2 − f
[
C1 + C2
∫
dr(
E2 − f )3/2
]
, (45)
ηiˆ(r) =
[
C3 + C4
∫
dr
r2
(
E2 − f )1/2
]
r, (46)
where C1, C2, C3 and C4 are integration constants. In order to
determine such integration constants, we choose two different
types of initial conditions:
ηαˆ(b) > 0, Ûηαˆ(b) = 0, (ICI), (47)
ηαˆ(b) = 0, Ûηαˆ(b) > 0, (ICII), (48)
with b > r+. The ICI corresponds to release from rest, at
the radial coordinate r = b, a body constituted of dust with
no internal motion. On the other hand, ICII corresponds to
let a body constituted of dust to “explode” at r = b. In the
next subsections, we study in details the radial and angular
components of the geodesic deviation vector for ICI and ICII.
A. Radial component of the deviation vector
In Fig. 5 we plot the geodesic deviation vector in the radial
direction, obtained solving Eq. (43) with ICI. We note that
far away from the BH the radial component of the geodesic
deviation vector is essentially the same for different values of
Q and l. We also note that during the radial infall, starting at
r = b, the radial geodesic deviation vector always increases
outside the event horizon. It reaches a maximum between the
event horizon and the Cauchy horizon, and then decreases until
Rstop. This reflects the change in the sign of the tidal force in
the radial direction.
In Fig. 6 we plot the geodesic deviation vector in the radial
direction, obtained solving Eq. (43) with ICII. We note that
during the radial infall the behavior of the radial component of
the geodesic deviation vector subjected to ICII is qualitatively
similar to ICI case.
For comparison, we also show in Figs. 5 and 6 the ra-
dial component of the geodesic deviation vector for the
Schwarzschild spacetime, and we note that it goes to infin-
ity at the origin (r = 0). This reflects the infinite stretch-
ing tidal force in the radial direction at the singularity of the
Schwarzschild spacetime.
B. Angular components of the deviation vector
In Fig. 7 we plot the angular components of the geodesic de-
viation vector, obtained solving Eq. (44), subjected to ICI. We
note that for r  r+, the angular components of the geodesic
deviation vector have similar behavior regardless of the elec-
tric chargeQ. This happens due to the fact that for large values
of r the spacetime looks similar for different values of Q. We
also note that the angular components of the geodesic devi-
ation vector decrease linearly with r , as expected, since all
individual geodesic with L = 0 is radial.
In Fig. 8 we plot the components of the geodesic deviation
vector in the angular directions, obtained solving Eq. (44) with
ICII. We note that the angular components of the geodesic de-
viation vector initially increase, reach a maximum around b/2
and then start decreasing. This is an effect of the compressing
tidal forces in angular directions. The angular components
of the geodesic deviation vector reach a minimum inside the
event horizon and then increase again. This reflects the change
in the sign of the tidal forces in the angular directions.
We also show in Figs. 7 and 8 the angular components of the
geodesic deviation vector for the Schwarzschild spacetime, and
we note that it goes to zero at the origin (r = 0). This reflects
the infinite compressing tidal forces in the angular directions
at the singularity of the Schwarzschild spacetime.
VI. CONCLUSION
We studied in details the tidal forces in the electrically
charged Hayward BH spacetime. We noted that tidal forces in
such spacetime are finite at the origin of the radial coordinate,
similarly to the electrically uncharged case. We have shown
that the expressions for tidal forces in RN and chargeless Hay-
ward BH spacetimes are recovered by taking the suitable limits
for the parameters present in the line element.
We note that both radial and angular components of the
tidal force may vanish. Therefore, the tidal force in the radial
direction may become compressing instead of stretching, and
the tidal forces in the angular directionsmay become stretching
instead of compressing. The radial tidal force may vanish
outside the event horizon, depending on the values of the
electric charge and the parameter l. Therefore, this effect can,
in principle, be observable for some charged Hayward BHs.
Concerning the angular tidal forces, they may vanish only
inside the event horizon. This behavior is different from the
case of Schwarzschild spacetime (in which tidal forces do not
vanish) but is qualitatively similar to the RN spacetime.
9We have found the radial and angular components of the
geodesic deviation vector. Two types of initial condition were
studied. One initial condition is related to releasing from
rest, far from the BH, a body constituted of dust with no
internal motion. The other initial condition is related to a body
constituted of dust “exploding” far from the BH. We note that
the geodesic deviation vector in charged Hayward BHs can
be quite distinctive from the Schwarzschild BH. For instance,
the radial component of the geodesic deviation vector in the
charged Hayward BHs is finite next to the origin of the radial
coordinate, while in the Schwarzschild case it tends to infinity.
The angular components of the geodesic deviation vector in
the charged Hayward BHs remain greater than zero next to the
origin of the radial coordinate, while for the Schwarzschild
case it goes to zero.
ACKNOWLEDGEMENTS
We thank A. Higuchi and C. Herdeiro for useful discus-
sions. This research was financed in part by Coordenação
de Aperfeiçoamento de Pessoal de Nível Superior (CAPES,
Brazil) – Finance Code 001, and by Conselho Nacional de De-
senvolvimento Científico e Tecnológico (CNPq, Brazil). This
research has also received funding from the European Union’s
Horizon 2020 research and innovation programme under the
H2020-MSCA-RISE-2017 Grant No. FunFiCO-777740.
[1] R. Narayan. New J. Phys. 7, 199 (2005).
[2] The Event Horizon Telescope Collaboration et al. Astrophys. J.
Lett. 875, L1 (2019).
[3] S. Chandrasekhar, The Mathematical Theory of Black Holes,
The International series of monographs on physics (Oxford Uni-
versity Press, New York, 1983).
[4] R. P. Kerr. Phys. Rev. Lett. 11, 237 (1963).
[5] E. T. Newman, E. Couch, K. Chinnapared, A. Exton, A. Prakash
and R. Torrence. J. Math. Phys. 6, 918 (1965).
[6] N. Sánchez. Phys. Rev. D 16, 937 (1977).
[7] C. Doran, A. Lasenby, S. Dolan and I. Hinder. Phys. Rev. D 71,
124020 (2005).
[8] L. C. B. Crispino and E. S. de Oliveira. Phys. Rev. D 78, 024011
(2008).
[9] L. C. B. Crispino, A. Higuchi and E. S. de Oliveira. Phys. Rev.
D 80, 104026 (2009).
[10] L. C. B. Crispino, A. Higuchi and G. E. A. Matsas. Phys. Rev.
D 82, 124038 (2010).
[11] E. S. de Oliveira, L. C. B. Crispino and A. Higuchi. Phys. Rev.
D 84, 084048 (2011).
[12] C. L. Benone, E. S. de Oliveira, S. R. Dolan and
L. C. B. Crispino. Phys. Rev. D 89, 104053 (2014); Phys. Rev.
D 95, 044035 (2017).
[13] C. L. Benone and L. C. B. Crispino. Phys. Rev. D 93, 024028
(2016).
[14] L. C. S. Leite, S. R. Dolan and L. C. B. Crispino. Phys. Lett. B
774, 130 (2017).
[15] S. Dolan, C. Doran and A. Lasenby. Phys. Rev. D 74, 064005
(2006).
[16] L. C. B. Crispino, S. R. Dolan, A. Higuchi and E. S. de Oliveira.
Phys. Rev. D 90, 064027 (2014).
[17] C. F. B. Macedo, E. S. de Oliveira and L. C. B. Crispino. Phys.
Rev. D 92, 024012 (2015).
[18] L. C. B. Crispino, S. R. Dolan, A. Higuchi and E. S. de Oliveira.
Phys. Rev. D 92, 084056 (2015).
[19] F. J. Zerilli. Phys. Rev. D 2, 2141 (1970).
[20] J. Castiñeiras, L. C. B. Crispino, R. Murta and G. E. A. Matsas.
Phys. Rev. D 71, 104013 (2005).
[21] L. C. B. Crispino. Phys. Rev. D 77, 047503 (2008).
[22] L. A. Oliveira, L. C. B. Crispino and A. Higuchi. Eur. Phys. J C
78, 133 (2018).
[23] R. P. Bernar and L. C. B. Crispino. Phys. Rev. D 100, 024012
(2019).
[24] J. M. Bardeen. Proceedings of the International Conference
GR5, 174 (1968).
[25] E. A. Beato and A. García. Phys. Lett. B 493, 149 (2000).
[26] S. A. Hayward. Phys. Rev. Lett. B 96, 031103 (2006).
[27] A. Flachi and J. P. S. Lemos. Phys. Rev. D 87 024034 (2013).
[28] K. Lin, J. Li and SZ. Yang. Int. J. Theor. Phys. 52, 3771 (2013).
[29] B. Toshmatov, A. Abdujabbarov, Z. Stuchlík and B. Ahmedov.
Phys. Rev. D 91, 083008 (2015).
[30] G. Abbas and U. Sabiullah. Astrophys. Space Sci 352, 769
(2014).
[31] C. Bambi and L. Modesto. Phys. Lett. B 721, 329 (2013).
[32] V. P. Frolov. Phys. Rev. D 94, 104056 (2016).
[33] R. Kumar, S. G. Ghosh and A. Wang. Phys. Rev. D 100, 124024
(2019).
[34] R. D’Inverno, Introducing Einstein’s Relativity (Clarendon
Press, Oxford, 1992).
[35] M. P. Hobson, G. P. Efstathiou and A. N. Lasenby, General
Relativity: an Introduction for Physicists (CambridgeUniversity
Press, New York, 2006).
[36] L. C. B. Crispino, A. Higuchi, L. A. Oliveira and E. S. de
Oliveira. Eur. Phys. J. C 76, 168 (2016).
[37] M. U. Shahzad and A. Jawad. Eur. Phys. J. C 77, 372 (2017).
[38] M. Sharif and S. Sadiq. J. Exp. Theor. Phys. 153, 232 (2018).
[39] J. A. Marck. Proc. R. Soc. Lond. A 385, 431 (1983).
[40] D. Tsoubelis and A. Economou. Gen. Rel. Gravit. 20, 37 (1988).
[41] C. Chicone, B. Mashhoon and B. Punsly. Int. J. Mod. Phys. D
13, 945 (2004).
[42] C. Chicone and B. Mashhoon. Class. Quant. Grav. 22, 195
(2005).
[43] C. Chicone and B. Mashhoon. Annalen Phys. 14, 290 (2005).
[44] H. C. D. L. Junior, L. C. B. Crispino and A. Higuchi. Eur. Phys.
J Plus 135, 334 (2020).
[45] M. Kesden. Phys. Rev. D 85, 024037 (2012).
[46] N. Bade, S. Komossa and M. Dahlem. Astron. Astrophys. 309,
L35 (1996).
[47] S. Gezari, D. C. Martin, B. Milliard, S. Basa, J. P. Halpern,
K. Forster, P. G. Friedman, P. Morrisseyet, S. G. Neff and
D. Schiminovich. Astrophys. J. Lett. 653, L25 (2006).
[48] S. V. Velzen, G. R. Farrar, S. Gezari, N. Morrell, D. Zaritsky,
L. Ostman, M. Smith, J. Gelfand and A. J. Drake. Astrophys. J.
741, 73 (2011).
[49] R. M. Wald, General Relativity (The University of Chicago
Press, Chicago, 1984).
10
[50] J. B. Marion, S. T. Thornton, Classical Dynamics of Particles
and Systems (Brooks/Cole, Belmont, 2004).
[51] E. Poisson and W. Israel, Phys. Rev. Lett. 63, 1663 (1989).
[52] E. Poisson and W. Israel, Phys. Rev. D41 1796 (1990).
